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(57) ABSTRACT

Described herein is a low power high-speed digital receiver.
The apparatus of the receiver comprises: a sampling unit
operable to sample a differential input signal and to boost
input signal gain, the sampling unit to generate a sampled
differential signal with boosted input signal gain; and a dif-
ferential amplifier to amplify the sampled differential signal
with boosted input signal gain, the differential amplifier to
generate a differential amplified signal.

20 Claims, 9 Drawing Sheets

/205 /— 204
C-DAC [ DFE Control
___________ ! Dy Dn1 D,
Ve T > Duut
1 ]
' || 1] 1]
i - ;
]
T FF |
2 i
e
i




US 9,184,712 B2

Sheet 1 of 9

Nov. 10, 2015

U.S. Patent

(34y J01d)
) No
} "Old o
_
1
_A Jadwes/34q .\.\ vﬂﬁ + vod
N0 I Id WOoJ4 f
_ | | jojuo0
] YOO TO IO | e
140 PAVAN m | ueg
— oy b 2223 LLL)

D et T T FEE \ Xy
almaln : © -
44 44 44 sEI I 314d

< 1Y
!

——> |
vm ! U2
o i | uonesqied
> “ 19550
v i

i
°q
v “

(34v) pu3 oi4 Bojeuy
00T



US 9,184,712 B2

Sheet 2 of 9

Nov. 10, 2015

U.S. Patent

V¢ 'Old "
(inoQ)
od
FAVA 90z
. \ Av4
€0¢ ®nanY Jayidwy All\lll L0c
lenuasomg nun Budwesg
m\\
0¢ .
602
G0¢
e / . Jazijenbg

Jozijenb3 yoegpaa4 uoisioag

plemio4-pas

o
(&)
qY

oic




US 9,184,712 B2

Sheet 3 of 9

Nov. 10, 2015

U.S. Patent

no

g¢ 'old

gee

i e o o o e o e am . o e . oo e ol o - hnc oo

|043U0] 34d

¥0¢C ‘k




U.S. Patent Nov. 10, 2015 Sheet 4 of 9 US 9,184,712 B2

DOUt

-a2

-al
—p

O
N

3
/
+
VvV g _l_
FIG. 2C




US 9,184,712 B2

Sheet 5 of 9

Nov. 10, 2015

U.S. Patent

[A44

1/4

ac 'oid

D OB LR NS R R SR AR N D R R W YR SR NS D R LT R L R R R RS R Y]

. 0

1444
IO

L
O
DD Qi@

Il

NoO

\|
D 7
74

9D

(P X LYY L

l‘.l".ll"".lf

—.'."..'."‘.....MU"".-'."...'..'.

'.‘."..“..-'.'....4 .‘......."'..’L

1

N

=1

|

§

I

o
8-

mvm\

Aegjeop V\

uonebedosd

[
oLz~ A

IO

S
¢
D

.

L T R YRR

-
1
i
i

O

'

|

«a«:\«.l!u\!!i\.\t\\\

LA A A A A A A R X A X XA A L X XX 2 & L XX,

L XX 2 ¥ 2

oreesrscnoesssvseacvoarenascand



US 9,184,712 B2

Sheet 6 of 9

Nov. 10, 2015

U.S. Patent

€ 'Old

1
!
!
i
l
!
rhe n Tm I* W eve
S—— “_ —
|
l~ o :,_,T
_‘_>_ ““ Pﬂ_
N 99 [ r—
2 wu

L)
o
=

-

. — o —— e o . — ———



US 9,184,712 B2

Sheet 7 of 9

Nov. 10, 2015

U.S. Patent

]

o elep

q

y “Be /
‘sng

oy
OdIS

¥ "Old

ot

Loy

Hun Juswublly

ooy

o S
cOob 042 M0
. (1d) sojejodseu; | 081 IO
aseuyd [eybig “be 10
.
0D
v €O T 1O
(ay 69 sng 1~
4
0€2/022/002
P2 S JU
Juol feybiq X
nq
.v.ham
‘shg



U.S. Patent Nov. 10, 2015 Sheet 8 of 9 US 9,184,712 B2

500

sampling a differential input signal to boost input signal gain and
to generate a sampled differential signal with boosted input signal
gain
501

i

amplifying the sampled differential signal with boosted input signal
gain to generate a differential ampilified signal independent of
offset cancellation to the sampled differential signal
502

y

queuing the differential amplified signal to store the differential
amplified signal
503

applying decision feedback equalization (DFE) to compensate for

channel loss in the sampled differential signal
504

i

applying feed-forward equalization (FFE) to compensate for
channel loss in the sampled differential signal
505

FIG. 5
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LOW POWER HIGH-SPEED DIGITAL
RECEIVER

CLAIM OF PRIORITY

This application claims the benefit of priority of Interna-
tional Patent Application No. PCT/US2011/066483 filed
Dec. 21, 2011, titled “Low Powrer Hicu-Speep Dicitar
REecever,” which is incorporated by reference in its entirety.

FIELD OF THE INVENTION

Embodiments of the invention relate generally to the field
of processors. More particularly, embodiments of the inven-
tion relate to a low power high-speed digital receiver.

BACKGROUND

In atypical Very Large Scale Integrated (VLSI) high-speed
input-output (I/O) receiver (Rx) circuit, incoming data stream
is sampled at an analog front-end (AFE) unit controlled by a
4-phase sampling clock signal (¢1-¢4) provided from a phase
interpolator (PI). FIG. 1 is a typical AFE 100 which consists
of an amplifying stage 101, a passive discrete-time linear
equalizer (DTLE) 102, and a decision feedback equalizer
(DFE) 103.

The AFE 100, however, suffers from bandwidth degrada-
tion due to multi-stage circuit architecture—the multiple
stages being 101, 102, and 103. The AFE 100 being a multi-
stage architecture also exhibits high power dissipation due to
the presence of several active circuit stages. The power dis-
sipation further increases when bias current to the analog
circuits in the AFE 100 is increased to achieve higher band-
width for Rx channels. The incoming data stream (Rx+ and
Rx-) at the AFE 100 is effectively sampled inside the DFE/
Sampler stage 103 which is physically far away from the Rx
input ports near 101. This physical distance increases the
chances of noise injection to the sampled signals and
degrades the performance of the link.

The term “performance” herein generally refers to power
supply rejection ratio (PSRR), power consumption, process-
temperature-voltage (PVT) variations, area, scalability to
lower power supply voltages, I/O transfer rate, etc.

The AFE 100 has many analog circuits requiring high
precision analog voltage and current circuits for their opera-
tion. These analog circuits make the AFE 100 highly sensitive
to process-voltage-temperature (PVT) variations and transis-
tor device mismatch effects. The AFE 100, and similar AFEs,
are unable to meet the stringent low power specifications of
Mobile Industry Processor Interface (MIPI®) as described in
the MIPI® Alliance Specification for M-PHY*™ Version
1.00.00 of Feb. 8, 2011 and approved on Apr. 28, 2011.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be understood more
fully from the detailed description given below and from the
accompanying drawings of various embodiments of the
invention, which, however, should not be taken to limit the
invention to the specific embodiments, but are for explanation
and understanding only.

FIG. 1 is a typical analog front-end (AFE) of an input-
output (I/O) receiver (Rx).

FIG. 2A is a high level architecture of a low power high-
speed digital Rx front-end, according to one embodiment of
the invention.
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FIG. 2B is a circuit level implementation of the low power
high-speed digital Rx front-end, according to one embodi-
ment of the invention.

FIG. 2C is a Z-Domain equivalent of the low power high-
speed digital Rx front-end, according to one embodiment of
the invention.

FIG. 2D is a half-rate circuit level implementation of the
low power high-speed digital Rx front-end, according to one
embodiment of the invention.

FIG. 3 is a circuit level implementation of an amplifier in
the low power high-speed digital Rx front-end, according to
one embodiment of the invention.

FIG. 4 is a high level block diagram of a receiver unit
comprising the low power high-speed digital Rx front-end,
according to one embodiment of the invention.

FIG. 5 is a method flowchart for sampling an incoming
signal by the low power high-speed digital Rx front-end,
according to one embodiment of the invention.

FIG. 6 is a system-level diagram of a smart device com-
prising a processor including the low power high-speed digi-
tal Rx front-end, according to one embodiment of the inven-
tion.

DETAILED DESCRIPTION

Embodiments of the invention relate to a low power high-
speed digital receiver (Rx). In one embodiment, the low
power high-speed digital Rx comprises a front-end including
a sampling unit operable to sample a differential input signal
and to boost input signal gain, the sampling unit to generate a
sampled differential signal with boosted input signal gain.
The front-end further comprises a differential amplifier to
amplify the sampled differential signal with boosted input
signal gain, the differential amplifier to generate a differential
amplified signal. In one embodiment, the front-end comprises
a queue to store the differential amplified signal. In one
embodiment, the front-end comprises a decision feedback
equalizer (DFE) to receive the stored differential amplified
signal. In one embodiment, the front-end further comprises a
feed-forward equalizer (FFE), coupled to the DFE, to com-
pensate for channel loss in the sampled differential signal
with boosted input signal gain, wherein the FFE comprises
programmable capacitors coupling the DFE to a node having
the sampled differential signal, and wherein the DFE com-
prises an Exclusive-OR (XOR) logic unit.

In one embodiment, the sampling unit comprises: a first
switch to sample a first signal, of the differential input signal,
during a phase of a first clock signal, the sampled differential
signal comprising a first signal; and a second switch to sample
a second signal, of the differential input signal, during the
phase of the first clock signal, the sampled differential signal
comprising a second signal. In one embodiment, the sampling
unit further comprises: a third switch to couple a first signal,
of the differential amplified signal, to a node having the
second signal of the differential input signal, the third switch
to couple during a phase of a second clock signal. In one
embodiment, the sampling unit further comprises: a fourth
switch to couple a second signal, of the differential amplified
signal, to a node having the first signal of the differential input
signal, the fourth switch to couple during the phase of the
second clock signal.

The technical effects of the embodiments discussed herein
are many. For example, the low power high-speed digital Rx
front-end discussed herein exhibits significantly lower power
(50-70% lower) than the AFE 100 of FIG. 1. The low power
high-speed digital Rx front-end discussed herein is imple-
mented as a single active stage which results in much less
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sampling error than the sampling error of the multi-stage AFE
100 of FIG. 1. For example, the active stages in 101 and in
DEF 103 are eliminated in the embodiments discussed herein.
The embodiments discussed herein include no analog circuit
that require a voltage or current reference generator for pro-
viding a reference current or voltage. By eliminating the
analog circuitry, which is present in AFE 100 of FIG. 1, higher
design scalability is achieved by the embodiments discussed
herein because the entire active circuit is implemented using
digital circuits that have very low PVT sensitivity. The
embodiments of the low power high-speed digital Rx front-
end discussed herein have a built-in auto-zero function in the
switched-capacitor differential amplifier/sampler. This auto-
zero function reduces the device mismatch effect (offset) thus
making the design discussed herein highly scalable across
different process technologies.

The embodiments discussed herein exhibit higher perfor-
mance with improved Rx front-end bandwidth since the
bandwidth-limiting circuit blocks in the AFE 100 are elimi-
nated in the Rx front-end. The embodiments discussed herein
also exhibit higher performance because of lesser jitter injec-
tion than the jitter injection in the AFE 100. One reason for the
reduced jitter injection is that the data signal is sampled
physically closer to the point where the signals are received
by the Rx. The embodiments discussed herein simplifies the
design of the amplifier 100, the FFE 102, and the DFE 103
resulting in lower silicon area and thus lower design and
manufacturing cost. The technical effects discussed herein
are not limited to the above effects. Other technical effects are
contemplated by the embodiments discussed herein.

In the following description, numerous details are dis-
cussed to provide a more thorough explanation of embodi-
ments of the present invention. It will be apparent, however, to
one skilled in the art, that embodiments of the present inven-
tion may be practiced without these specific details. In other
instances, well-known structures and devices are shown in
block diagram form, rather than in detail, in order to avoid
obscuring embodiments of the present invention.

Note that in the corresponding drawings of the embodi-
ments, signals are represented with lines. Some lines may be
thicker, to indicate more constituent signal paths, and/or have
arrows at one or more ends, to indicate primary information
flow direction. Such indications are not intended to be limit-
ing. Rather, the lines are used in connection with one or more
exemplary embodiments to facilitate easier understanding of
a circuit or a logical unit. Any represented signal, as dictated
by design needs or preferences, may actually comprise one or
more signals that may travel in either direction and may be
implemented with any suitable type of signal scheme.

Inthe following description and claims, the term “coupled”
and its derivatives may be used. The term “coupled” herein
refers to two or more elements which are in direct contact
(physically, electrically, magnetically, optically, etc.). The
term “coupled” herein may also refer to two or more elements
that are not in direct contact with each other, but still cooper-
ate or interact with each other.

As used herein, unless otherwise specified the use of the
ordinal adjectives “first,” “second,” and “third,” etc., to
describe a common object, merely indicate that different
instances of like objects are being referred to, and are not
intended to imply that the objects so described must be in a
given sequence, either temporally, spatially, in ranking or in
any other manner.

The term “wide frequency ranges” or “high speed” herein
refers to at least high speed (HS) GEAR ranges from HS-
GEAR 1 to HS-GEAR 3 as described in the MIPI® Alliance
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4

Specification for M-PHY** Version 1.00.00 of Feb. 8, 2011
and approved on Apr. 28, 2011.

FIG. 2A is a high level architecture of a low power high-
speed digital Rx front-end 200, according to one embodiment
of the invention. In one embodiment, the Rx front-end 200
comprises a sampling unit 201 operable to sample a differen-
tial input signal Rx and to boost input signal gain, wherein the
sampling unit 201 is operable to generate a sampled differ-
ential signal 206 with boosted input signal gain. In one
embodiment, the Rx front-end 200 comprises a differential
amplifier 202 to amplify the sampled differential signal 206
with boosted input signal gain, the differential amplifier 202
to generate a differential amplified signal 207. In one embodi-
ment, the Rx front-end 200 comprises a queue 203 to store the
differential amplified signal 208. In one embodiment, the Rx
front-end 200 comprises a DFE unit 204 which is operable to
receive the stored differential amplified signal 208 and output
asignal 209. In one embodiment, the Rx front-end 200 further
comprises a FFE unit 205, coupled to the DFE 204, to receive
the signal 209 and compensate for channel loss, via signal
210, in the sampled differential signal 206 with boosted input
signal gain. In one embodiment, the FFE unit 205 comprises
programmable capacitors coupling the DFE unit 204 to a
node having the sampled differential signal Rx, and wherein
the DFE unit 204 comprises an Exclusive-OR (XOR) logic
unit. The output of the Rx front-end is a sampled signal, Do
(Dout).

FIG. 2B is a circuit level implementation 220 of the low
power high-speed digital Rx front-end 200, according to one
embodiment of the invention. FIG. 2B is described with ref-
erence to FIG. 2A. In one embodiment, the sampling unit 201
comprises: a first switch 221 to sample a first signal Rx+, of
the differential input signal Rx, during a phase ¢1 of a first
clock signal CIk1 (shown as CLK for FIG. 2B, and Clk1 in
FIG. 2D). The sampled differential signal comprises a first
signal P,. In one embodiment, the sampling unit 201 com-
prises a second switch 222 to sample a second signal Rx—, of
the differential input signal Rx, during the phase ¢1 of the first
clock signal CIk1, the sampled differential signal comprising
a second signal M.

The term ‘P, is interchangeably used to refer to node P, or
the first sampled signal P, which implies that the node P, is
carrying the first sampled signal after being sampled by the
first switch 221. The term ‘M, is interchangeably used to
refer to node M, or the second sampled signal M, which
implies that the node M, is carrying the second sampled
signal after being sampled by the second switch 222.

In one embodiment, the sampling unit 201 further com-
prises a third switch 223 to couple a first signal P,, of the
differential amplified signal, to a node having the second
signal Rx- ofthe differential input signal, the third switch 223
to couple during a phase ¢2 of a second clock signal Clk2
(shown as CLK for FIG. 2B, and CIk2 in FIG. 2D). In one
embodiment, the sampling unit 201 further comprises a
fourth switch 224 to couple a second signal M,, of the differ-
ential amplified signal, to anode having the first signal Rx+ of
the differential input signal, the fourth switch 224 to couple
during the phase ¢2 of the second clock signal Clk2.

The term ‘P,’ is interchangeably used to refer to node P, or
the first amplified signal P, which implies the node P, carry-
ing the first amplified signal after being amplified by the
amplifier 202. The term ‘M, is interchangeably used to refer
to node M, or the second amplified signal M, which implies
that the node M, is carrying the second amplified signal after
being amplified by the amplifier 202.
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In one embodiment, the first switch 221 couples the first
signal Rx+ to node P, via capacitor Ci. In one embodiment,
the second switch 222 couples the second signal Rx- to node
M, via another capacitor Ci.

In one embodiment, the fourth switch 224 couples the first
sampled signal (sampled by the first switch 221) to node M,
via capacitor Ce. In one embodiment, the third switch 223
couples the second sampled signal (sampled by the second
switch 222) to node P, via capacitor another Ce. In one
embodiment, the output node M, of the amplifier 202 is
coupled to nodes M, and P, via a fifth switch 225, wherein the
fifth switch 225 is controlled by the phase ¢2 of the second
clock signal Clk2. In one embodiment, the output node P, of
the amplifier 202 is coupled to nodes M, and P, via a sixth
switch 226, wherein the sixth switch 226 is controlled by the
phase ¢2 of the second clock signal Clk2. The sampling unit
201 herein provides at least a 2x input gain to the input signals
Rx+ and Rx—, resulting in a boasted sampled signal at nodes
P, and M;.

For purposes of this application, the transistors described
herein are metal oxide semiconductor (MOS) transistors,
which include drain, source, and gate terminals. However,
those skilled in the art will appreciate that other transistors
may be used without departing from the scope of the inven-
tion.

The switches discussed herein are implemented as transis-
tors (e.g., MOS transistors) controlled by the phases of clock
signals. For example, the first switch 221 is controlled by the
phase ¢1 of the second clock signal Clkl. The term “con-
trolled by” herein refers to turning on the switch during the
phase ¢1 of the second clock signal CIk1. In one embodiment,
the signal carrying the phase ¢1 of the second clock signal
CIk1 is coupled to a gate terminal of the transistor being
controlled by the phase ¢1 of the second clock signal Clk1. In
such an embodiment, the switch in turned on during a logical
high level of the phase ¢1.

In one embodiment, the output of the amplifier 202 couples
to a queue 203. In one embodiment, the amplifier 202 is a
differential amplifier 341 as described herein with reference
to FIG. 3. In one embodiment, the differential amplifier 341 is
a self-biased symmetrical load output buffer circuit. In one
embodiment, the differential amplifier 341 receives as inputs
the sampled first and second signals P; and M, from the
sampling unit 201 and generates differential signals P, and
M, respectively. In one embodiment, the differential ampli-
fier 341 is operable to reject common mode in the sampled
first and second signals (differential signals). In one embodi-
ment, the differential amplifier 341 has a built-in auto-zero
function. In one embodiment, the differential amplifier 341 is
operable to amplify the sampled first and second signals P,
and M, from the sampling unit 201 independent of offset
cancellation in the sampled differential signal.

In one embodiment, the differential amplifier 341 com-
prises two complementary MOS (CMOS) transistor pairs
(M1, M2, and M3, M4) that are used as the input devices,
which extend the input signal to full swing. In one embodi-
ment, additional CMOS transistor pairs (M5, M6, and M7,
M8) are used for either current biases or loads. The gate
terminals of the bias/load transistors may be coupled together
as illustrated. In these embodiments, circuits 343 and 344 are
symmetric at both left-to-right and top-to-bottom directions.
Three feedback loops are provided in the circuit structure,
including a left loop by transistors M1, M2, M5, and M6, a
right loop by transistors M3, M4, M7, and M8, and a common
mode loop by transistors M5, M6, M7, and M8.
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In one embodiment, the transistors M1, M4, M5, and M7
are n-type MOS (NMOS) transistors while transistors M2,
M3, M6, and M8 are p-type MOS (PMOS) transistors as
shown in FIG. 3.

The embodiment of the differential amplifier 341 provides
higher bias current around the cross-point to achieve approxi-
mately zero DC (direct current) bias, high speed switching,
and a “soft landing” (e.g., substantially avoiding noise and
glitches in the signal). These properties help make the difter-
ential amplifier 341 more robust for various applications
(e.g., large power supply range, rail-to-rail signal swings,
large transistor size range, etc.,) and scalable for different
manufacturing process technologies.

Referring back to FIG. 2B, the output (P, and M,) of the
amplifier 202 couples to the queue 203. In one embodiment,
the queue 203 comprises a chain of sequential units. In one
embodiment, the sequential units are flip-flops (FFs) that are
operable to receive the clock signal Clk. In other embodi-
ments, other forms of sequential logic units may be used
without changing the scope of the embodiments of the inven-
tion. As discussed with reference to FIG. 2D, which shows a
half-rate circuit level implementation of the circuit 200, one
half of the half-rate circuit which mimics the circuit of 200
receives Clk1 while the other half of the half-rate circuit
which mimics the circuit 0of 200 receives Clk2 as clock signal
for their respective queues.

Referring back to FIG. 2B, the output of each FF in the
queue 203 is input to the next FF in the chain. In one embodi-
ment, the output of each FF is received by the DFE unit 204.
In one embodiment, the output of each FF forms part of a bus
carrying the output signal Do (Dout). In one embodiment, the
DFE unit 204 comprises XOR logic units, wherein each XOR
logic unit receives an output (e.g., D) of a FF (e.g., the left
most FF) from the queue 203, also receives ¢1 or ¢2 of Clk
signal. As discussed with reference to FIG. 2D, the DFE unit
204 of the top half-rate circuit receives ¢1 of Clk1, while the
bottom half-rate circuit receives ¢2 of Clk2.

Referring back to FIG. 2B, the output of the DFE unit 204
is received by a FFE unit 205. In one embodiment, the FFE
unit 205 comprises variable capacitors which convert digital
signals to analog signals. In one embodiment, the variable
capacitors are operable to adjust their capacitances in
response to a signal. In one embodiment, the analog signals
couple to nodes P, and M, via capacitors Cf as shown in FIG.
2B. In one embodiment, the capacitors Ci, Ce, and Cf provide
offset cancellation to the amplifier 202. In one embodiment,
by changing the capacitance values of the capacitors Ci, Ce,
and Cf, the gain of the circuit 220 is modified.

Inone embodiment, the sum ofthe capacitance values of Ci
and Ce is substantially close to 100 fF. The term “substan-
tially” herein refers to being within 20% of the desired value.
In one embodiment, the sum of the capacitance values of Ci
and Ce can be programmed or partitioned between capacitors
Ci and Ce linearly. For example, when Ci is substantially
close to zero then Ce is substantially close to 100 {F, and when
Ci is substantially close to 100 {F then Ce is substantially
close to Ci. In this embodiment, the capacitance value of Cfis
substantially close to one-tenth of the sum of capacitance
values of Ci and Ce, i.e. (V10)(Ci+Ce). For example, when
sum of the capacitance values of Ci and Ce is substantially
close to 100 {F, then the capacitance value of Cf is substan-
tially close to 10 fF.

FIG. 2D is a half-rate circuit level implementation 240 of
the low power high-speed digital Rx front-end 200, according
to one embodiment of the invention. The half-rate circuit 240
comprises of a top half 241 and a bottom half 242, each half
receiving the first and second differential signals Rx+ and
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Rx~-. The waveforms 243 show two sets of waveforms. The
first set of waveforms 244 are Clk1 signals having a first phase
¢1. The waveform labeled Clk1 is a delayed version of the
waveform above it, the delay representing propagation delay
through logic gates (not shown). The second set of waveforms
245 are Clk2 signals having a second phase ¢2. The waveform
labeled CIk2 is a delayed version of the waveform above it,
the delay representing propagation delay through logic gates
(not shown).

So as notto obscure the embodiments of the invention, only
the top half 241 of the half-rate circuit 240 is discussed herein
with reference to FIGS. 2A-B. The sampling unit 241a is the
same as the sampling unit 201 and the amplifier 2415 is the
same as the amplifier 202. The queue 241c is the same as the
queue 203. For ease in explaining the queue 203, only a single
FF 241c¢ is shown. However, a chain of FFs are also contem-
plated herein. In the embodiments discussed herein, the FF
241c¢ generates differential signals (Do_1 and Do_15) which
arereceived by the DFE units of both halfrate circuits 241 and
242. In one embodiment, the DFE unit 2414 has XOR logic
units that receive the output from the queues of both top and
bottom half rate circuits (241, 242) along with either first
phase ¢1 of Clk1 or the second phase ¢$2 of Clk2 as illustrated
in FIG. 2D. In one embodiment, the FFE unit 241e comprises
variable capacitors C1 and C2, the outputs of which are
coupled to the inputs of the amplifier 2415. In one embodi-
ment, DFE equalization by the DFE unit 241 is performed by
capacitors Ci, Ce, Cf, C1, and C2.

The operation of the half circuit 240 can be analyzed
employing the charge re-distribution principle, where the
input offset of the amplifier/sampler is purposely included for
demonstrating the auto-zero operation. During the ¢2 phase
(auto-zero phase), the input (P, M, ) of the sampling ampli-
fier 202 is pre-charged to an output common-mode V_,,,. The
total charges stored on nodes P, and M, can be expressed as

(D):

Qp1(1) = Ci[ Ve + Vogser = Vrx— (W] + Ce[Vem + Voger — Vrx ()] +
Cr[Vam + Vopser = Vegr+ (1]
Qu1() = Ci[Vn = Vrx+ (W] + Ce[Van = Vrx— ()] + C¢ [V — Vg ()]

where V_;, and V ;. are the equivalent feedback equaliza-
tion voltage from the positive and negative paths.

During ¢1 phase (sampling phase), the charges stored at the
two input nodes of the sampling amplifier 202 are given
respectively as (2):

Qp1(n+ 1) =Ci[Vpi(n+ 1) + Vopreer — Vrxs (n+ 1)] +
Ce[Vpi(n+ 1)+ Voer — Vexo (R + D] +
Crl[Vpi(r+ 1) + Vopger + Ve ()]

Oumin+ 1) =Ci[Vyi(n+ 1) = Vex_(n+ D] +
C[Vui(n+1) = Vex_(n+ D]+ Cs[Viy1(n + 1) + Vg _(n)]

Based on the charge conservation principle:

{ Qp1(n) = Qp1(n+1) (3)

Qu1(n) = Qu(n+1)
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Based on equations (1), (2), and (3), equation (4) is derived
as:

(Vpr(n+ 1) = Vo, )[Ci + Cp + Cf] = [Ci + CJVgx(n+ 1) =
CoVrx () = CiVry () = 2C Vg, (1)

(Vii1(n+ 1) =Veu)ICi + Co + Cp] = [Ci + CJVpy_(n+ 1) -
CoVrx— (1) = CiVpy 4 (1) = 2C V()

Solving for differential voltage at the sampling amplifier
202 input nodes at the sampling phase results in equation (5)
as:

Vin+ DICi+ Co + Cf] = [C; + C]Vex(n+ 1) — ©)
(Ce = Ci)Vrx (n) =2C; Vo ()
where
V(n) = Vpi(n) - Vi (n)
Vrx (1) = Vex1(n) = Vex_(n)

Cisgn(V(n) +
Cosgn(V(n—1))

Vee
C+C,

Vg (1) = Vg (1) = Vo () =

The time domain transfer function of the input to the output
of'the Rx front-end 200 is given as equation (7):

[Ci+ CelVrx(n + 1) = (C, — C)Vx (1) —
C
ZVCCCITfC2 [Cysgn(V(m) + Cosgn(V(n - 1))]

Vin+1) =

[Ci+C. + C]

Based on the mathematical derivation discussed herein, the
Rx front-end 200 realizes built-in functions of auto-zero,
2-tap FFE equalization, 3-tap DEF equalization, and ampli-
fication operations.

FIG. 2C is a Z-Domain equivalent 230 of the low power
high-speed digital Rx front-end 200, according to one
embodiment of the invention. The Z-Domain equivalent
equation is given as:

v _,  l-og! ®)
Vex(@) T l+aiz ! +apz?
where, Vcec is the high power supply, and where:

(Ce+C) ©

P=Gra+cp
(C.-C)

“Tcren

205 c
o= reiloe e

205 C,
“=reilara e

FIG. 4 is ahigh level block diagram ofa Rx 400 comprising
the low power high-speed digital Rx front-end, according to
one embodiment of the invention. In one embodiment, the Rx
400 comprises the low voltage digital Rx front-end (200/220/
230) according to the embodiments discussed here.
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The low voltage digital Rx front-end (200/220/230) is
operable to sample the input Rx signal using the interpolated
phasesignals $1, ¢2, $3, and ¢4 from a phase interpolator (PI)
403, where ¢1 (first phase) has a transition edge in a middle of
a phase of the Rx signal, where ¢2 (second phase) has a
transition edge at a crossing of a phase of the Rx signal and a
successive phase of the data signal, where ¢3 (third phase) has
a transition edge in a middle of the successive phase of the
input Rx signal, and where ¢4 (fourth phase) has a transition
edge at the end of the phase of the successive phase of the Rx
signal.

In one embodiment, the Rx 400 comprises an alignment
unit 401 which receives the sampled Rx signals, sampled by
¢1, $2, $3, and ¢4 phases and generates output signals which
are synchronized to the transmit clock signal domain. The
alignment unit 401 is also called the synchronization unit.
The output of the alignment unit 401 is then input to the PI
403, where a digital control unit determines from the aligned
signals (output of the alignment unit 202) whether the phases
o1, ¢2, ¢3, and ¢4 are properly positioned in time, i.e.,
whether they are phase shifted to sample the Rx signal at the
four points discussed above.

In one embodiment, the Rx 400 comprises a serial-in-
serial-out (SIPO) 402 unit that generates the data_out signal
which is then processed by other logic units (not shown) of'a
processor comprising the I/O receiver 200. The I/O receiver
can be used as a Mobile Industry Processor Interface (MIPI®)
M-PHY®™ receiver; a Peripheral Component Interconnect
Express (PCle) receiver; a Serial Advanced Technology
Attachment (SATA) receiver; a Serial Attached SCSI (SAS)
receiver; a Double Data Rate x (DDRX) receiver, were X’ is
an integer, for example, x=4 and above; a High-Definition
Multimedia Interface (HDMI) receiver; or a Universal Serial
Bus x (USBXx) receiver, where ‘X’ is an integer, for example
x=2 and above.

FIG. 5 is a method flowchart 500 for sampling an incoming
signal by the low power high-speed digital Rx front-end,
according to one embodiment of the invention. Although the
blocks in the flowchart 500 are shown in a particular order, the
order of the actions can be modified. Thus, the illustrated
embodiments can be performed in a different order, and some
actions/blocks may be performed in parallel. Additionally,
one or more actions/blocks can be omitted in various embodi-
ments for sampling an incoming signal by the low power
high-speed digital Rx front-end 200. The flowchart of FIG. 5
is illustrated with reference to the embodiments of FIGS. 1-4.

Atblock 501, a differential input signal Rx is sampled by
the sampling unit 201 to boost input signal gain and to gen-
erate a sampled differential signal 206 with boosted input
signal gain. At block 502, the differential amplifier 202 ampli-
fies the sampled differential signal 206 (P, M, ) with boosted
input signal gain to generate a differential amplified signal
207 (P,, M,) independent of offset cancellation to the
sampled differential signal 206 (P,, M,).

Atblock 503, the differential amplified signal 207 (P,, M,)
is queued in the queue 203 to store the differential amplified
signal 207 (P,, M,). At block 504, the DFE unit 204 applies
decision feedback equalization to compensate for channel
loss in the sampled differential signal, wherein applying the
DFE comprises applying an Exclusive-OR (XOR) operation
to the queued differential amplified signal. At block 505, the
FFE unit 205 applies feed-forward equalization to compen-
sate for channel loss in the sampled differential signal 206
(P,, M,), wherein applying the FFE comprises coupling
nodes (P;, M, ), having the sampled differential signal, with
programmable capacitors (C1, C2). The capacitances of C1
and C2 are programmed by another logic unit (not shown)
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according to one embodiment. In one embodiment, sampling
the differential input signal comprises: switching the first
switch 221 to sample the first signal Rx+, of the differential
input signal Rx, during the phase ¢1 of the first clock signal
CIk1, the sampled differential signal comprising the first sig-
nal P,; and switching the second switch 222 to sample the
second signal Rx—, of the differential input signal Rx, during
the phase ¢1 of the first clock signal Clk1, the sampled dif-
ferential signal comprising the second signal M,.

FIG. 6 is a system-level diagram of a smart device com-
prising a processor including the low power high-speed digi-
tal Rx front-end, according to one embodiment of the inven-
tion. FIG. 6 also illustrates a block diagram of an embodiment
of a mobile device in which flat surface interface connectors
could be used. Computing device 600 represents a mobile
computing device, such as a computing tablet, a mobile phone
or smart-phone, a wireless-enabled e-reader, or other wireless
mobile device. It will be understood that certain of the com-
ponents are shown generally, and not all components of such
a device are shown in device 600.

Device 600 includes processor 610, which performs the
primary processing operations of device 600. In one embodi-
ment, the processor 610 includes the low power high-speed
digital Rx front-end 200 as discussed with reference to FIGS.
1-4.

Referring back to FIG. 6, the processor 610 can include one
or more physical devices, such as microprocessors, applica-
tion processors, microcontrollers, programmable logic
devices, or other processing means. The processing opera-
tions performed by processor 610 include the execution of an
operating platform or operating system on which applications
and/or device functions are executed. The processing opera-
tions include operations related to I/O (input/output) with a
human user or with other devices, operations related to power
management, and/or operations related to connecting device
600 to another device. The processing operations may also
include operations related to audio I/O and/or display 1/O.

In one embodiment, device 600 includes audio subsystem
620, which represents hardware (e.g., audio hardware and
audio circuits) and software (e.g., drivers, codecs) compo-
nents associated with providing audio functions to the com-
puting device. Audio functions can include speaker and/or
headphone output, as well as microphone input. Devices for
such functions can be integrated into device 600, or connected
to device 600. In one embodiment, a user interacts with device
600 by providing audio commands that are received and
processed by processor 610.

Display subsystem 630 represents hardware (e.g., display
devices) and software (e.g., drivers) components that provide
a visual and/or tactile display for a user to interact with the
computing device. Display subsystem 630 includes display
interface 632, which includes the particular screen or hard-
ware device used to provide a display to a user. In one embodi-
ment, display interface 632 includes logic separate from pro-
cessor 610 to perform at least some processing related to the
display. In one embodiment, display subsystem 630 includes
atouch screen (or touch pad) device that provides both output
and input to a user.

1/O controller 640 represents hardware devices and soft-
ware components related to interaction with a user. 1/O con-
troller 640 can operate to manage hardware that is part of
audio subsystem 620 and/or display subsystem 630. Addi-
tionally, I/O controller 640 illustrates a connection point for
additional devices that connect to device 600 through which a
user might interact with the system. For example, devices that
can be attached to device 600 might include microphone
devices, speaker or stereo systems, video systems or other
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display device, keyboard or keypad devices, or other /O
devices for use with specific applications such as card readers
or other devices.

As mentioned above, 1/O controller 640 can interact with
audio subsystem 620 and/or display subsystem 630. For
example, input through a microphone or other audio device
can provide input or commands for one or more applications
or functions of device 600. Additionally, audio output can be
provided instead of or in addition to display output. In another
example, if display subsystem includes a touch screen, the
display device also acts as an input device, which can be at
least partially managed by 1/O controller 640. There can also
be additional buttons or switches on device 600 to provide I/O
functions managed by I/O controller 640.

In one embodiment, the 1/O controller 640 manages
devices such as accelerometers, cameras, light sensors or
other environmental sensors, or other hardware that can be
included in device 600. The input can be part of direct user
interaction, as well as providing environmental input to the
system to influence its operations (such as filtering for noise,
adjusting displays for brightness detection, applying a flash
for a camera, or other features).

In one embodiment, device 600 includes power manage-
ment 650 that manages battery power usage, charging of the
battery, and features related to power saving operation.
Memory subsystem 660 includes memory devices for storing
information in device 600. Memory can include nonvolatile
(state does not change if power to the memory device is
interrupted) and/or volatile (state is indeterminate if power to
the memory device is interrupted) memory devices. Memory
660 can store application data, user data, music, photos, docu-
ments, or other data, as well as system data (whether long-
term or temporary) related to the execution of the applications
and functions of system 600.

Elements of embodiments are also provided as a machine-
readable medium (e.g., memory 660) for storing the com-
puter-executable instructions (e.g., instructions to implement
the flowchart of FIG. 5 and any other processes discussed
above). The machine-readable medium (e.g., memory 660)
may include, but is not limited to, flash memory, optical disks,
CD-ROMs, DVD ROMs, RAMs, EPROMs, EEPROM,
magnetic or optical cards, or other type of machine-readable
media suitable for storing electronic or computer-executable
instructions. For example, embodiments of the invention may
be downloaded as a computer program (e.g., BIOS) which
may be transferred from a remote computer (e.g., a server) to
a requesting computer (e.g., a client) by way of data signals
via a communication link (e.g., a modem or network connec-
tion).

Connectivity 670 includes hardware devices (e.g., wireless
and/or wired connectors and communication hardware) and
software components (e.g., drivers, protocol stacks) to enable
device 600 to communicate with external devices. The device
could be separate devices, such as other computing devices,
wireless access points or base stations, as well as peripherals
such as headsets, printers, or other devices.

Connectivity 670 can include multiple different types of
connectivity. To generalize, device 600 is illustrated with
cellular connectivity 672 and wireless connectivity 674. Cel-
Iular connectivity 672 refers generally to cellular network
connectivity provided by wireless carriers, such as provided
via GSM (global system for mobile communications) or
variations or derivatives, CDMA (code division multiple
access) or variations or derivatives, TDM (time division mul-
tiplexing) or variations or derivatives, or other cellular service
standards. Wireless connectivity 674 refers to wireless con-
nectivity that is not cellular, and can include personal area
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networks (such as Bluetooth, Near Field, etc), local area
networks (such as Wi-F1), and/or wide area networks (such as
WiMax), or other wireless communication.

Peripheral connections 680 include hardware interfaces
and connectors, as well as software components (e.g., drivers,
protocol stacks) to make peripheral connections. It will be
understood that device 600 could both be a peripheral device
(“to” 682) to other computing devices, as well as have periph-
eral devices (“from” 684) connected to it. Device 600 com-
monly has a “docking” connector to connect to other com-
puting devices for purposes such as managing (e.g.,
downloading and/or uploading, changing, synchronizing)
content on device 600. Additionally, a docking connector can
allow device 600 to connect to certain peripherals that allow
device 600 to control content output, for example, to audio-
visual or other systems.

In addition to a proprietary docking connector or other
proprietary connection hardware, device 600 can make
peripheral connections 680 via common or standards-based
connectors. Common types can include a Universal Serial
Bus (USB) connector (which can include any of a number of
different hardware interfaces), DisplayPort including MiniD-
isplayPort (MDP), High Definition Multimedia Interface
(HDMI), Firewire, or other type.

Reference in the specification to “an embodiment,” “one
embodiment,” “some embodiments,” or “other embodi-
ments” means that a particular feature, structure, or charac-
teristic described in connection with the embodiments is
included in at least some embodiments, but not necessarily all
embodiments. The various appearances of “an embodiment,”
“one embodiment,” or “some embodiments™ are not neces-
sarily all referring to the same embodiments. If the specifica-
tion states a component, feature, structure, or characteristic
“may,” “might,” or “could” be included, that particular com-
ponent, feature, structure, or characteristic is not required to
be included. If the specification or claim refers to “a” or “an”
element, that does not mean there is only one of the elements.
It the specification or claims refer to “an additional” element,
that does not preclude there being more than one of the
additional element.

While the invention has been described in conjunction with
specific embodiments thereof, many alternatives, modifica-
tions and variations of such embodiments will be apparent to
those of ordinary skill in the art in light of the foregoing
description. For example, while the embodiments are dis-
cussed with reference to two phases ¢1 and ¢2 being of two
different clock signals Clk1 and CIk2 respectively, the two
phases may be the low and high phases of the same clock
signal. The embodiments of the invention are intended to
embrace all such alternatives, modifications, and variations as
to fall within the broad scope of the appended claims.

An abstract is provided that will allow the reader to ascer-
tain the nature and gist of the technical disclosure. The
abstract is submitted with the understanding that it will not be
used to limit the scope or meaning of the claims. The follow-
ing claims are hereby incorporated into the detailed descrip-
tion, with each claim standing on its own as a separate
embodiment.

I claim:

1. An apparatus comprising:

a sampling unit operable to sample a differential input
signal and to boost input signal gain, the sampling unit to
generate a sampled differential signal with boosted input
signal gain, wherein the sampling unit comprises
a first switch to sample a first signal, of the differential

input signal, during a phase of a first clock signal, the
sampled differential signal comprising the first signal,



US 9,184,712 B2

13

a second switch to sample a second signal, of the differ-
ential input signal, during the phase of the first clock
signal, the sampled differential signal comprising the
second signal,

athird switch to couple the first signal, of the differential
amplified signal, to a node coupled to the second
switch, the third switch operable by a phase of the
second clock signal; and

a differential amplifier to amplify the sampled differential
signal with boosted input signal gain, the differential
amplifier to generate a differential amplified signal.

2. The apparatus of claim 1 further comprises a queue to

store the differential amplified signal.

3. The apparatus of claim 2 further comprises a decision
feedback equalizer (DFE) to receive the stored differential
amplified signal.

4. The apparatus of claim 3 further comprises a feed-for-
ward equalizer (FFE), coupled to the DFE, to compensate for
channel loss in the sampled differential signal with boosted
input signal gain.

5. The apparatus of claim 3, wherein the DFE comprises an
Exclusive-OR (XOR) logic unit.

6. The apparatus of claim 1, wherein the sampling unit
further comprises:

a fourth switch to couple the second signal, of the difter-
ential amplified signal, to a node coupled to the first
switch, the fourth switch operable by the phase of the
second clock signal.

7. The apparatus of claim 1, wherein the sampling unit and
the differential amplifier are positioned in a receiver which is
one of:

a Mobile Industry Processor Interface (MIPI®) M-PHY**

receiver;,

a Peripheral Component Interconnect Express (PCle)
receiver;,

a Serial Advanced Technology Attachment (SATA)
receiver;,

a Serial Attached SCSI (SAS) receiver;

a Double Data Rate x (DDRX) receiver, were ‘X’ is an
integer;

a High-Definition Multimedia Interface (HDMI) receiver;
or

a Universal Serial Bus x (USBx) receiver, where ‘X’ is an
integer.

8. The apparatus of claim 7, wherein the MIPI® M-PHY**
receiver is operable to receive high-speed (HS) GEAR rate
signals.

9. The apparatus of claim 1, wherein the differential ampli-
fier is operable to reject common mode in the sampled difter-
ential signal.

10. The apparatus of claim 1, wherein the differential
amplifier has a built-in auto-zero function.

11. The apparatus of claim 1, wherein the differential
amplifier is operable to amplify independent of offset cancel-
lation in the sampled differential signal.

12. An apparatus comprising:

a sampling unit operable to sample a differential input
signal and to boost input signal gain, the sampling unit to
generate a sampled differential signal with boosted input
signal gain; and

a differential amplifier to amplify the sampled differential
signal with boosted input signal gain, the differential
amplifier to generate a differential amplified signal;

a queue to store the differential amplified signal;

a decision feedback equalizer (DFE) to receive the stored
differential amplified signal; and
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a feed-forward equalizer (FFE), coupled to the DFE, to
compensate for channel loss in the sampled differential
signal with boosted input signal gain, wherein the FFE
comprises programmable capacitors coupling the DFE
to a node having the sampled differential signal.

13. A method comprising:

sampling a differential input signal to boost input signal
gain and to generate a sampled differential signal with
boosted input signal gain, including
switching a first switch to sample a first signal, of the

differential input signal, during a phase of a first clock
signal, the sampled differential signal comprising the
first signal,

switching a second switch to sample a second signal, of
the differential input signal, during a phase of a first
clock signal, the sampled ditferential signal compris-
ing the second signal, and

switching a third switch to sample the first signal, of the
differential input signal, during a phase of a second
clock signal, the sampled ditferential signal compris-
ing the first signal; and

amplifying the sampled differential signal with boosted
input signal gain to generate a differential amplified
signal independent of offset cancellation to the sampled
differential signal;

queuing the differential amplified signal to store the differ-
ential amplified signal; and

applying decision feedback equalization (DFE) and feed-
forward equalization (FFE) to compensate for channel
loss in the sampled differential signal.

14. A system comprising:

a wireless connectivity; and

a processor, communicatively coupled to the wireless con-
nectivity, the processor having an input-output (I/O)
receiver including:

a sampling unit operable to sample a differential input
signal and to boost input signal gain, the sampling unit
to generate a sampled differential signal with boosted
input signal gain, wherein the sampling unit com-
prises a first switch to sample a first signal, of the
differential input signal, during a phase of a first clock
signal, the sampled differential signal comprising the
first signal, a second switch to sample a second signal,
of'the differential input signal, during the phase of the
first clock signal, the sampled differential signal com-
prising the second signal, and a third switch to couple
the first signal, of the differential amplified signal, to
a node having the second signal of the differential
input signal, the third switch to couple during a phase
of a second clock signal; and

a display unit for displaying content processed by the pro-
Ccessor.

15. The system of claim 14, wherein the processor com-

prises:

a differential amplifier to amplify the sampled differential
signal with boosted input signal gain, the differential
amplifier to generate a differential amplified signal; and

a queue to store the differential amplified signal.

16. The system of claim 15, wherein the processor further

comprises:

a decision feedback equalizer (DFE) to receive the stored
differential amplified signal; and

a feed-forward equalizer (FFE), coupled to the DFE, to
compensate for channel loss in the sampled differential
signal with boosted input signal gain.
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17. The system of claim 15, wherein the differential ampli-

fier is operable to perform at least one of:

reject common mode in the sampled differential signal,

perform a built-in auto-zero function, or

amplify independent of offset cancellation in the sampled
differential signal.

18. The system of claim 15, wherein the display unit is a

touch screen.

19. The system of claim 14, wherein the sampling unit

further comprises:

a fourth switch to couple the second signal, of the difter-
ential amplified signal, to a node having the first signal
of the differential input signal, the fourth switch to
couple during the phase of the second clock signal.

20. A system comprising:

a wireless connectivity;

aprocessor, communicatively coupled to the wireless con-
nectivity, the processor having an input-output (I/O)
receiver including
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a sampling unit operable to sample a differential input
signal and to boost input signal gain, the sampling unit
to generate a sampled differential signal with boosted
input signal gain, wherein the processor comprises

a differential amplifier to amplify the sampled differen-
tial signal with boosted input signal gain, the differ-
ential amplifier to generate a differential amplified
signal,

a queue to store the differential amplified signal,

a decision feedback equalizer (DFE) to receive the
stored differential amplified signal, and

a feed-forward equalizer (FFE), coupled to the DFE, to
compensate for channel loss in the sampled differen-
tial signal with boosted input signal gain, wherein the
FFE comprises programmable capacitors coupling
the DFE to a node having the sampled differential
signal; and

a display unit for displaying content processed by the pro-

Ccessor.



